A root pile is an injected type of pile (cast-in-place with pressure, with very distinct construction aspects from the known micropile type). Those piles are installed by using distinct injection pressures up to 500 kPa during the mortar shaft formation. The executive control of root piles is usually carried out by static load tests, requiring a costly and time-consuming assessment method. To study root pile performance, static load tests were performed on eight monitored piles with diameters of 350 and 410 mm. This paper proposes an alternative methodology for confirming the root pile performance based on the use of a speedometer attached to the rotatory head of the drill rig. The methodology consists in monitoring variables that are related to the pile bearing capacity, thus, proposing empirical equations with simple and applicable use to estimate root pile bearing capacity during installation. The results obtained by the proposed equations were in agreement with the values obtained from static load tests for the tested piles. Therefore, the results show that the methodology proposed presents itself as a viable alternative for the executive control of root piles.
Introduction
The recent increase in the size of construction works has boosted advances in foundation engineering. Pile foundations are one of the most important foundation techniques and are widely used in foundation engineering (Zhou et al., 2018) . With the technological evolution of equipment used in the construction of foundations, as well as the development of new types of foundations, the use of bored piles has become widely spread in great urban centers of Brazil. In this context, the growth of root piles as a foundation solution for construction works is notorious. The root pile is an injected type of pile (cast-in-place with pressure, with very distinct construction aspects from the known micro-pile type). Those piles are performed by using distinct injection pressures up to 500 kPa during the mortar shaft formation.
The performance assessment of deep foundations varies according to the pile type. In the case of root piles, the performance assessment is usually performed after pile execution, by carrying out static load tests. The static load test to failure is by far the most reliable method to determine both the bearing capacity and the load-settlement relationship of a pile. Consequently, the most significant progresses in the field of pile design have been obtained just by collecting and interpreting data from load tests (Russo, 2012) . Although the static load test is easy to perform and interpret, it is expensive, slow to implement, and cannot be used systematically because it can destroy the micro-pile (Calvente et al., 2017) . Therefore, a shortage of alternatives that assist in performance assessment of root piles is identified. In order to overcome these disadvantages, this paper proposes an alternative methodology for confirming root pile erformance based on the use of a speedometer attached to the rotatory head of the drill rig. The methodology consists in monitoring variables that are related to the pile bearing capacity, thus, proposing empirical equations that are simple and can be used for estimating root pile bearing capacity during their installation. Then the methodology is tested and calibrated on real-scale root piles at several experimental sites where five root piles with lengths ranging from 7.7 to 26 m were installed. Finally, to validate the methodology, the results of the proposed equations are compared with static load tests carried out on three real-scale root piles. Many researchers have investigated root pile performance, and several significant conclusions have been made (Cadden et al., 2004; Huang et al., 2007; Moura et al., 2015; Lima & Moura, 2016; Melchior Filho, 2018) . Similar researches were carried out regarding different types of piles (Lin et al., 2004; Herrera et al., 2009; Basu et al., 2010; Silva et al., 2012; Silva et al., 2014) .
This research aims to propose a methodology for root pile installation control. For that purpose, three equations were proposed to estimate the pile bearing capacity (Q ult ), which allows to control the root pile execution process. The pile bearing capacity (Q ult ) is necessary to carry out perfor- mance control of the execution process. Thus, it is necessary to use an expression, or more than one that allow, Q ult estimation, in order to verify the minimum pile length during pile installation. In the specific case of the equations proposed in this research, the procedure is performed with measurements of N SPT , pile geometry, drill bit advance velocity and drill bit linear velocity.
Root Pile Installation Process
The root pile installation process is presented in Fig. 1 . A rotary drilling technique was used to install the test root piles. First, the drill casing was attached to the rotary head, which rotates to advance the drilling into the soil or rock (Fig. 1a ). After that, a drilling rod (inner rod) was attached to the same rotary head to perform the drilling inside the drill casing. The drilling rod advanced ahead of the tip of the casing. High pressure water jets were used to clear the cuttings as drilling advanced ( Fig. 1b ). At the final depth, the base was cleaned using high pressure water jets until no soil or rock cuttings were observed. After reaching the desired depth, the inner rod was removed, whereas the outer steel casing was left permanently in the ground. A rebar was then installed into the drilling hole ( Fig. 1c ). The casing was then filled with grout (0.6 water-cement ratio) until grout was flowing through the annulus between the drilled hole and the outer casing ( Fig. 1d ). A plug is installed at the drill casing upper end and pressure (compressed air) is applied while the drill case is removed. The diameter of the drilling bit used to drill the test piles is equal to 0.31 m (Fig. 2 ).
Proposed Methodology
The methodology proposed is based on the use of a digital speedometer to monitor variables during pile instal-lation. First, the monitoring equipment is set up on the rotary head of the drill rig as shown in Fig. 3 .
The drill rotator diameter is digitally inserted in the speedometer, in such a way that the sensor records each complete lap performed by the drill rotor (magnet). This procedure allows recording the linear distance traveled by the drill rotor for a determinate period of time. The drilling rod used to drill the last meter length of the pile was then, marked with sections of 10, 20 and 20 cm as seen in Fig. 4 .
The elapsed time to drill the length between 2 marked sections was recorded in order to determine the advance velocity (V a ). The other measured variable is the drill rotator linear velocity (V b ), which is measured for the same section. The linear distance traveled by the drill rotor between 2 marked sections is divided by the circumferential length of the drill rotor, thus, obtaining the number of rotations performed by the drill rotor during the drilling of the mentioned section. From the elapsed time during the drilling of this section and the number of rotations performed by the drill rotator, it is possible to determine the number of rotations per minute, that is, the frequency (f) of the drill rotor. The drill rotor angular velocity (w r ) is then, obtained from the following relation:
Since the drill rotor is connected by the drilling rod to the drill bit at the bottom of drilling hole while the drilling is performed ( Fig. 4) , it can be assumed that the drill bit angular velocity (w b ) is equal to the drill rotor angular velocity (w r ). 
The drill bit linear velocity (V b ) is then determined from the following equation: where: V b is the drill bit linear velocity; w b is the drill bit angular velocity and R b is the drill bit radius.
Then, the drill bit linear velocity and the drill bit advance velocity are associated with the pile bearing capacity. The formulation of equations for executive control of the monitored test piles was initiated by choosing variables that would be used in the equation and considering that the formulation is intended to contribute to the development of an empirical approach with simple application in the executive control of root piles. Two variables obtained during monitoring were selected for correlating to pile bearing capacity: the drill bit linear velocity (V b ) and the drill bit advance velocity (V a ), the first one being associated to the skin friction resistance (Q s ) and the second to the tip resistance (Q tip ). In addition to the drill bit linear velocity (V b ) and drill bit advance velocity (V a ), the following variables were considered: tip resistance index (N SPT, tip ), average shaft resistance index (N SPT, shaft ), pile diameter (D), pile length (L), pile perimeter (U) and tip cross sectional area (A p ). The average shaft resistance index (N SPT, shaft ) is determined from the average N SPT values along the pile shaft indicated in the standard penetration test results. The tip resistance index (N SPT, tip ) is determined by the average of the N SPT values at the pile final depth indicated in the standard penetration test results.
Static load tests were carried out to determine the bearing capacity of the test piles. On most occasions, a distinct plunging ultimate load (Q u ) was not obtained in the test, and therefore, the Van der Veen extrapolation method was applied to obtain the ultimate load of the test piles (Van der Veen, 1953) . In order to correlate the monitored variables and the pile ultimate load, it was necessary to estimate the load distribution along the pile shaft and tip. The Brazilian standard (ABNT, 2010) states that for bored piles, the load distribution must occur as 80 % to the pile shaft and 20 % to the pile tip. Since the static load tests were not instrumented, three distinct scenarios were proposed. In the first scenario, the load distribution would occur with 80 % along the pile shaft and 20 % at the pile tip. In the second scenario, the load distribution would occur with 90 % along the pile shaft and 10 % at the tip. Finally, in the third scenario, the load distribution would only occur along the pile shaft, that is, with 100 % along the shaft. In this way, the mentioned scenarios are presented as alternatives for use in practical cases. The definition of the expression to be adopted in real situations will depend on the user's own judgment, who may even apply the three equations to simulate possible real case scenarios.
For the development of the proposed equations in this paper, a multiple linear regression analysis method was used to explain the relationship between a dependent variable and several independent variables, so that: where Y is the dependent variable (in this case, Q tip or Q s ); X 1 , X 2 , ..., X n are the independent variables; a 1 , a 2 , ..., a n are the coefficients of the respective independent variables, known as regression coefficients and a 0 is a constant whose purpose is to represent the portion of Y that was not explained by the independent variables. By this approach and using the least squares method, the desired expression is adjusted based on the smallest deviation between the observed real values of the variable and the estimated value. Thus, considering a multiple linear function with three variables, the following system must be solved:
Using this system, the values of a 0 , a 1 , a 2 and a 3 are calculated using the current data of Y, X 1 , X 2 , X 3 . As the relations between the variables are not linear in methods of bearing capacity estimation, it was necessary to use a logarithmic transformation of variables to create an exponential model. The following equations illustrate the procedure:
Therefore, considering the new variables as ln (X i ) and solving the system of Eqs. 5 to 8, it is possible to use the logarithmic transformation of variables, then, apply the multiple linear regression model and obtain the values of the coefficients a i .
Hence, 
where A p is the tip cross sectional area; V a drill bit advance velocity; (N SPT, tip ) is the tip resistance index; V b is the drill bit linear velocity; U is the pile perimeter, L is the pile length;
(N SPT, shaft ) is the average shaft resistance index; a 1 , a 2 , a 3 , a 4 , a 5 , a 6 are linear regression coefficients; ¢ a 0 and ¢¢ a 0 are regression constants.
Soil Profile and Site Description
Five construction sites were selected for this research; in all those sites, root pile foundations were built. In Fig. 5 , the location of the selected sites for the development of the research is presented. The construction sites are located in the city of Fortaleza, Brazil.
SPTs and rock core borings were performed at five construction sites before installation of the root piles. In site 1, the groundwater level was found at a depth of 3 m. From the ground surface to 5 m, a clayey silt layer was encoun- Monteiro et al. Figure 5 -Construction sites location. tered, with N values ranging between 16 and 60. Below this layer, a sandstone layer with RQD varying from 43 to 54 % was encountered to a depth of 15 m; the N values, ranged from 58 to 60. In site 2, from the ground surface to 11 m, a clayey sand layer was encountered, with N values ranging between 3 and 60. Below this layer, a silty clay layer was encountered to a depth of 16 m; the N values ranged from 29 to 60. The bedrock is 16 m below the ground surface. The groundwater level was found at a depth of 1.2 m. In site 3, the first layer with a total thickness of 2 m consists of silty sand soil, with N values ranging between 12 and 25. Below this layer, a silty clay layer was encountered to a depth of 11 m; the N values ranged from 38 to 60. Finally, a magmatic gneiss layer with RQD varying from 54 to 100 % was found to a depth of 26 m; the N values along this layer are equal to 60. The groundwater level was at a depth of 2 m.
In site 4, the groundwater level was found at a depth of 6.7-7.4 m. From the ground surface to 4 m, a silty sand layer was encountered with N values ranging between 2 and 4. Below this layer, a clayey sand layer was encountered to a depth of 12 m; the N values, ranged from 4 to 9. Finally, a sandy clay layer with N values varying from 9 to 42 was encountered to a depth of 22 m.
In site 5, the first layer with a total thickness of 11 m consists of silty sand soil, with N values ranging between 6 and 60. Finally, a clayey silt layer with N values varying from 7 to 59 was encountered to a depth of 19 m. The groundwater level was at a depth of 3.85 -4 m. Figures 6, 7 , 8, 9, 10 and 11 present the geometry of the test root piles and the subsurface profile at the construction site locations.
Load-Displacement Test Results and Procedures
Static load tests were performed on the test piles 10 days after installation. The vertical settlement of the pile head was measured by four dial gauges (two on each side of the pile) attached to two reference beams. The load was applied in increments of 20 % of the final test load and maintained until the settlement rate from two consecutive settlement readings at the pile head was less than 5 %. After reaching the maximum load, the pile was unloaded in five load stages, with the exception of pile 6. In Table 1 , the geometry of the tested piles, the maximum applied load, injection pressure and maximum recorded displacement are summarized. Figs. 12 and 13 show the applied load at the pile head vs. pile head settlement curves obtained from the static load tests.
The curves show that the tests on piles 6 and 8 fully mobilized the shaft friction, showing a sudden increase in the settlement at about the maximum applied load. The other tests were executed on piles with the same diameter (d = 0.41 m) but with different lengths: the piles are far from failure and exhibit similar behavior mainly governed by the shaft friction along the shaft. On most tests, a distinct plunging ultimate load (Q u ) was not obtained, and therefore, the Van der Veen extrapolation method was applied to obtain the ultimate load of the test piles. The extrapolated ultimate load (Q u ) values are presented in Table 2 .
Monitoring Results
The monitoring process was performed during test pile installation. The data acquisition system (speedometer) recorded the drill bit linear velocity (V b ) and drill bit advance velocity (V a ) during the drilling of the marked sections on the drill rod. In Table 3 , the monitoring results are presented. However, due to unforeseen events that occurred during field monitoring, it was necessary to perform changes in the lengths of the marked sections in some test piles. The penetration resistance index value (N SPT ) was limited to 60, in depths that presented high N values, in which the pile execution continued without additional difficulties.
For piles 1 and 2, executed in similar stratigraphic profiles (site 1), higher excavation times are observed when compared to the other piles, which is attributed to the pile tip being seated on a rock profile. Thus, for these piles, lower advance velocities are verified. However, the drill rotor frequency, which is directly associated with the drill bit linear velocity, presents similar values when compared with values for piles 4 and 5.
Pile 5 (site 3), which has the tip supported in magmatic gneiss, presents an average penetration resistance index along the shaft similar to piles 1 and 2, which also have the tip supported on rock. In site 4, where pile 6 was executed, a reasonable compliance with pile 8 is verified when advance velocity is evaluated. Piles 6 and 8 are embedded in soils whose stratigraphy alternates between clayey silt, silty sand, clayey sand and sandy clay. These piles present a 7.4 % variation when compared to the respective advance velocities, which is smaller for pile 8. This is due to the fact that the penetration resistance index at the tip of pile 8 is higher than for pile 6. Thus, a correlation between these two variables is observed, in such a way that the higher the penetration resistance index, the lower the advance velocity, noting an inversely proportional ratio. High frequency values were observed during installation of piles 6, 7 and 8, which were already expected due to the direct frequency relationship with the drill bit linear velocity (V b ). Thus, it is possible to observe, that the higher the frequency, the greater the drill bit linear velocity and the smaller the soil N value. Based on the above, it is possible to infer that pile load capacity is inversely proportional to the drill bit linear velocity (V b ) and the frequency. 
Equations Proposal and Validation
For the development of the equations, a multiple linear regression analysis method was used. Initially, piles 3, 4, 6, 7 and 8 were chosen for the development of the expression (calibration), then piles 1, 2 and 5 were chosen for validation. The selection of the piles for the calibration and validation of the equations was carried out randomly. As mentioned on a previous section, three distinct scenarios were proposed. In the first scenario, the load distribution would occur with 80 % along the pile shaft and 20 % on the pile tip. In the second scenario, the load distribution would occur with 90 % along the pile shaft and 10 % on the tip. Finally, in the third scenario, the load distribution would only occur along the pile shaft, that is, with 100 % along the shaft. The equations for the proposed scenarios are now, presented: 
where A p is the tip cross sectional area; V a is the drill bit advance velocity; (N SPT, tip ) is the tip resistance index; V b is the drill bit linear velocity; U is the pile perimeter, L is the pile length; (N SPT, shaft ) is the average shaft resistance index. Analyzing the equations, it is verified that the regression coefficients did not change, whereas the regression constants changed; this occurred for both the skin friction bearing capacity and the tip bearing capacity. The regression constant of skin friction bearing capacity gradually increased when moving from one scenario to the other. The coefficient of determination (R 2 ) of the equations is 0.99. It is noteworthy that the equations proposed for the executive control present physical sense for the pile ultimate load capacity, and the variables that have a positive regression coefficient, are directly proportional to the pile bearing capacity. Thus, for example, the greater the pile perimeter (U), pile length (L) or average shaft resistance index (N SPT, shaft ), the greater the pile skin friction bearing capacity. On the other hand, the greater the drill bit linear velocity (V b ), the lower the pile skin friction bearing capacity. The methodology proposed was verified on root piles monitoring data that were not part of the universe used for the development of the equations by comparing the results obtained from load tests performed on these piles and values obtained from the proposed equations. Piles 1, 2 and 5 were randomly selected to carry out the validation. The proposed equations did not consider the injection pressure. However, Melchior Filho (2018) observed the small influence of this variable in the evaluation of Q ult . More details are presented in Melchior Filho (2018) . It is also important to point out that the injection pressure of all the piles chosen for the development of the expression (calibration) was about 300 kPa. Table 5 shows the load capacity estimates from the proposed expressions, as well as those obtained from the load tests.
Considering the presented scenarios, it is observed that the percentage error between the estimated values and the reference values considered was at least 2.8 % and at most 13.3 %. When comparing the estimated pile bearing capacity values and the reference values for pile 1, an absolute error of 4.6 % is verified. It is worth mentioning that all bearing capacity estimates for pile 1 presented values slightly lower than the reference value (ultimate load obtained from the load test). For pile 2, an absolute error of It is important to mention that the use of the SPT on fine soils has some limitations, due to the characteristics of the test, in which a great disturbance of the soil structure is observed. Eurocode 7 states that the use of the SPT should be restricted to a qualitative evaluation of the soil profile as there is no general agreement on the use of SPT results in clayey soil (BS, 2007) . The soil profiles analyzed to develop the proposed methodology consist, mostly, of coarse soils. Therefore, the application of this methodology to clayey soils has to be performed with proper evaluation. It is worth mentioning that the use of the proposed equations is restricted to soils with similar characteristics to those of this research. In this sense, the use of the proposed expressions in fine soil profiles should be preceded by further research, in order to contemplate a wider range of soil types.
In general, the bearing capacity values estimated by the proposed equations were in agreement with the reference values. Therefore, a correlation between the pile bearing capacity and the suggested variables is observed. It is worth mentioning that the proposal of this work is to present a simplified procedure for the executive control of root piles, helping in the decision-making during field execution, in relation to the definition of the pile length to be executed.
Conclusions
In this research, simplified methodologies and equations for the executive control of root piles were proposed, providing a useful tool to assist in the decision-making during field execution. The methodology is based on the monitoring of execution variables (advance velocity and drill bit linear velocity), determined from fundamentals of classical physics with measurements made during field testing. Based on these equations, it became possible to establish a monitoring methodology for root piles. The measured execution variables during monitoring are correlated with ultimate load values obtained from load tests. This methodology is easy to carry out and provides an immediate interpretation. The methodology allows a systematic control without disturbing root piles. It is also adapted to the real conditions of root pile construction sites and is therefore a technically and economically feasible methodology. At present, the methodology is limited to root piles having a length lower than 30 m and maximum bearing capacity of 3500 kN. This methodology can provide the ultimate bearing capacity of the pile with a reasonable accuracy.
This alternative and original methodology has the advantage of estimating the root pile bearing capacity during pile installation with a non-destructive approach. This means that in the absence of a static load test, the methodology can become an alternative for the root pile executive control. The monitoring protocol and the processing and treatment of the acquired data show that the methodology proposed can provide results with great similarity when compared to static load test results.
